A miniaturized electrostatic receiver design, having a central cylindrical backing electrode of small radius surrounded by a flat annular cavity behind the circular membrane, can lead to both a higher sensitivity and a larger frequency bandwidth compared to the ones achieved with other designs, while bringing a geometrical simplicity which is advantageous from the point of view of microfabrication. An appropriate computational method, relying on a specific 2-D axisymmetrical simulation using an adaptive mesh and accounting for both viscous and thermal boundary layer effects, provides results against which analytical results can be tested. An analytical approach, which leads to solutions based on the eigenmode expansion of the membrane displacement, the acoustic pressure field depending on the radial coordinate in the central fluid gap but being assumed quasi-uniform in the annular cavity, is much faster in terms of running time and appears to be sufficiently accurate to achieve final optimization of this kind of devices.
INTRODUCTION
Being concerned by the simple and compact design of the miniaturized receiver, the transducer having a central cylindrical backing electrode of small radius surrounded by a flat annular cavity behind the circular membrane ( Figure 1 ) can be of practical interest. Being inspired by an analogous device described previously [1, 2] , this kind of receiver can lead to improving the parameters such as sensitivity, bandwidth and the compactness of the device.
The analytical approach relying on eigenmodes expansion of both the membrane displacement and the acoustic pressure in the fluid gap, thermoviscous losses being taken into account [1, 2, 3, 4, 5] (such an approach has been validated previously from comparison with experimental results obtained on similar transducers, available in the literature [2, 4] ) is completed here by the approximation assuming quasi-uniform acoustic pressure field in the annular cavity, which is acceptable when the cavity is small.
Numerical solutions using an adaptive mesh procedure and accounting for both the viscous and thermal boundary layers effects [6, 7] , against which the analytical results can be tested, are given below. 
ANALYTICAL SOLUTION Equations Governing the Membrane Displacement
The equation governing the displacement field ξ(r) of the membrane driven by a harmonic incident acoustic pressure p inc assumed to be uniform over the membrane surface and loaded by the pressure field p g (r) in the air gap and by the pressure p c which is assumed to be quasiuniform in the cavity volume, can be written as (given that the time dependence is e jωt )
where K 2 = ω 2 m S /T is the wavenumber of the free flexural vibration of the membrane, T and m S being, respectively, the tension of the membrane and its mass per unit area, ω is the angular frequency, R e and R M being the radii of the electrode end of the membrane respectively. The membrane is clamped at its perihery ξ(R M ) = 0.
The general solution for the membrane displacement can be written in the form of the eigenfunction expansion where K n is given by the equation J 0 (K n R M ) = 0. Using the orthogonality properties of the eigenfunctions Ψ n (r) the constants ξ n can be expressed as
where
is the surface of the membrane.
Equations Governing the Pressure Variations
The particle velocity and the temperature variation profiles in the fluid gap are obtained as solutions of the Navier-Stokes equation and Fourier equation for heat conducting respectively under several approximations (see [1, 8, 9] for details). Introducing the mean values of these profiles into the conservation of mass equation leads to the wave equation for the acoustic pressure in the fluid gap, accounting for the state equation
with complex wavenumber
and the source term ζξ(r) with ζ = −
on the right-hand side, h g being the thickness of the fluid gap. The properties of the fluid being the density ρ 0 , the adiabatic speed of sound c 0 , the ratio of specific heats γ, the shear dynamic viscosity μ, the thermal conductivity λ h and the specific heat coefficient at constant pressure per unit of mass C P .
The solution of the wave equation (4) for the acoustic pressure in the fluid gap consists of the general solution, finite at r = 0, and the particular solution as the expansion on the same eigenfunctions as for the membrane displacement
The quasi-uniform pressure in the annular cavity is given by
is the acoustic impedance of the cavity, V c being the volume of the cavity, and w c is the volume velocity wich can be expressed as (using equations (7) and (2))
with
e ) and where The integration constant A is given by the pressure continuity at the electrode periphery
Coupling Between the Membrane Displacement and the Acoustic Pressure Inside the Transducer
Introducing both parts of the acoustic pressure p g and p c to the eq. (3) gives
where S e = πR 2 e , and leads after integration to the following expression
or, in the matrix form
where (Ξ) and (B) are the column vectors of elements ξ n and
respectively, [I] is the identity matrix, and where, using equations (7) and (13), the elements C nl of the matrix [C] are given by
Pressure Sensitivity
The mean displacement of the membrane over the surface of the electrode takes the form
The pressure sensitivity for the given polarization voltage U 0 is then 
NUMERICAL SOLUTION
Combining the Navier-Stokes equation and the Fourier equation for heat conducting (which include the conservation of mass equation and state equation) leads to the set of two coupled equations involving the particle velocity v and the temperature variation τ [6] (given that the time dependence is e jωt )
are respectively the viscous and thermal characteristic lengths of the fluid, η is the bulk dynamic viscosity andβ = ∂P ∂T ρ being the increase in pressure per unit increase in temperature at constant density. This linear formulation, being discretised using Galerkin finite elements [7] , is employed to perform the numerical evaluation on the 2-D axisymmetrical domain. An adaptive meshing procedure gives the suitable mesh which consists of isoparametric quadratic triangular elements, the same mesh interpolation being used for both variables (v, τ).
The acoustic pressure in the domain
couples the equation set (21) with the equation governing the membrane displacement (1) along with the boundary condition for the axial component of the particle velocity v z = jωξ (completed by the non-slip v r = 0 and isothermal τ = 0 condition) on the membrane part of the domain boundary. The usual non-slip and isothermal boundary conditions (v = 0, τ = 0) on the rigid isothermal boundaries and the conditions of symmetry (∂ r v z = 0, v r = 0 and ∂ r τ = 0) on the axis z are accounted for [7] .
RESULTS
The transducer considered herein is compared in terms of sensitivity and bandwidth with the previously described transducer with planar backing electrode of the same radius as the one of the membrane, the peripheral cavity being set outside the periphery of the membrane [1] as shown in Figure 2 . The physical properties of the fluid (air in this case) are given in Table 1 .
FIGURE 2:
Comparison of geometries of a) the transducer described herein and b) the previously described transducer [1] (the same properties for both transducers given in Table 2 ). Pa s Thermal conductivity λ h 24.40 × 10
Ratio of specific heats γ 1.400 -Specific heat coefficient at constant pressure per unit of mass C P The pressure sensitivities (as a function of the frequency) of both receivers calculated analytically (the first ten eigenmodes are taken into account) and numerically are compared in Figure 3 . The parameters (the same for both devices) which correspond to MEMS microphone [2] are given in Table 2 . The electrode radius R e = 1.09 mm of the transducer considered herein and the external dimension of the previously described transducer R c = 1.8196 mm (equal to the dimension of the external periphery of the outer cavity) are the only parameters that differ for both devices, being determinated by the volume V c and the thickness h c of the cavity. The incident pressure is set to 1 Pa.
Firstly, good agreement between the analytical and numerical results can be noticed. Secondly, the comparison shows that the transducer considered herein is advatageous in terms of pressure sensitivity and bandwidth, its sensitivity at 100 Hz being 0.584 mV/Pa (-64.68 dB re 1 V/Pa) against 0.478 mV/Pa (-66.41 dB re 1 V/Pa) for the previously described transducer. Adjusting the air gap thickness h g and the electrode radius R e can lead to further improved receiver's sensitivity and flatness of the frequency response.
CONCLUSION
The results presented herein show that the analytical model of the receiver, having a central cylindrical backing electrode of small radius surrounded by a flat annular cavity behind the circular membrane, appears to be well validated by numerical evaluation, even when considering the approximation, in the analytical solution, which involves the quasi-uniform acoustic pressure in the annular cavity. This receiver can lead to both a higher sensitivity and a larger frequency bandwidth compared with the ones of the previously decribed transducer, while improving the compactness of the device. It must be mentioned that both an improved approach, which does not Table 2 ). assume quasi-uniform pressure field in the annular cavity, and a global approach, which avoid modal expansions, are in progress.
